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Abstract

Alloys with excellent properties are always in significant demand for meeting the severe conditions of industrial
applications. However, the design strategies of traditional alloys based on a single principal element have reached
their limits in terms of property optimization. The concept of high-entropy alloys (HEAs) provides a new design
strategy based on multicomponent elements, which may overcome the bottleneck problems that exist in traditional
alloys. To further maximize the capability of HEAs, a novel additive manufacturing (AM) technique has been
utilized to produce HEA components with the desired structures and properties. This review considers a new trend
in the AM of HEAs, i.e., from the AM of single-phase HEAs to multiphase HEAs. Although most as-printed
single-phase HEAs show superior tensile properties to as-cast ones, their strength is still not satisfactory,
especially at elevated temperatures. Thus, multiphase HEAs are developed by introducing hard second phases,
such as L1,, BCC, carbides, oxides, nitrides, and so on. These phases can be introduced to the matrix using in situ
alloying during AM or the subsequent heat treatment. Dislocation strengthening is considered as the main reason
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for improving the tensile properties of as-printed single-phase HEAs. In contrast, multiple strengthening and
toughening mechanisms occur in as-printed multiphase HEAs, which can synergistically enhance their mechanical
properties. Furthermore, machine learning provides an effective method to design new alloys with the desired
properties and predict the optimal AM parameters for the designed alloys without tedious experiments. The
synergistic combination of machine learning and AM will significantly speed up scientific advances and promote
industrial applications.

Keywords: High-entropy alloys, additive manufacturing, precipitation hardening, strengthening mechanism,
machine learning

INTRODUCTION

High-entropy alloys

High-entropy alloys (HEAs) and multiple-principal element alloys were first proposed by Yeh et al. and
Cantor et al., respectively, in 2004*?. Unlike most conventional alloys based on one principal element, this
concept provides a new criterion for developing new alloys with five or more principal elements”. The
concentration of each principal element generally ranges from 5 to 35 at. %. The properties of HEAs can be
modified by changing the type and content of the base elements or by adding some other trace elements.
Therefore, various HEAs have been developed with a broad range of microstructure and properties, such as
single-phase HEAs (face-centered-cubic (FCC), body-centered-cubic (BCC), hexagonal-close-packed
(HCP) and eutectic HEAs (EHEAs) and precipitation-strengthened HEAs'“. Single-phase FCC HEAs are
mainly based on the transition elements of Fe, Co, Cr, Ni and Mn".. Eutectic HEAs (FCC + BCC) are
developed by alloying with other elements, such as Al, Nb and Cu"*. Single-phase BCC systems are mainly
based on some refractory elements, such as V, Nb, Mo, Ta, W, Ti and Hf. It has also been reported that
rare-earth elements are strong stabilizers for the formation of HCP-phase HEAs, such as YGdTbDyLu,
GdTbDyTmLu and HoDyYGdTb"*"'.

Compared with traditional alloys, HEAs mainly have the following four unique effects"”: (a) high-entropy
effect in thermodynamics, which benefits the formation of the single phase; (b) sluggish diffusion effect
kinetics caused by multiple principal elements; (c) severe lattice distortion effect induced by the variation in
atomic diameter and mixing enthalpy; (d) cocktail effect in properties that can be easily optimized by
changing the elements and microstructures. These beneficial effects make HEAs very promising as
engineering and functional materials. As an essential criterion for evaluating their engineering applications,
the tensile properties of HEAs have been widely studied. Figure 1 summarizes the room-temperature tensile
properties of HEAs classified based on their crystal structures. HEAs with a single-phase FCC structure
possess superior tensile ductility but suffer from poor yield strength"*??. To improve the tensile strength of
single-phase FCC HEAs, the hard BCC phase is introduced to the FCC system by adding Al, Cu, Ti, and so
on"»»»»>| He et al. illustrated that the BCC phase content increased with increasing Al content, which
resulted in high hardness and tensile strength. However, the ductility was sacrificed when the BCC phase
exceeded a certain content”. Furthermore, some dual-phase HEAs, such as AlCoCrFeNi,, and
CoCrFeNiNb,, show excellent wear properties even at elevated temperatures”*”. Single-phase BCC HEAs
usually contain refractory elements, such as Ti, Nb, Mo, Ta and Hf. Like B-Ti alloys, these single-phase BCC
HEAs show almost negligible work hardening capability, resulting in a poor uniform elongation” ",

It is noteworthy that many single-phase HEAs suffer from insufficient strength, especially at elevated
temperatures. Therefore, precipitation-strengthened (PS) HEAs have received extensive attention and
research in recent years. As shown in Figure 1, PS HEAs show superior tensile strength and uniform
elongation to single-phase and eutectic HEAs!****"\. Precipitation in HEAs can be generally divided into two
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Figure 1. Room-temperature uniaxial tensile properties of HEAs classified based on their phase types: FCC HEAs"™?*;BCC HEAs®"*":
eutectic HEAs??##%5%8). pg HE AS3547] HE A high-entropy alloys.

major categories, namely, coherent and incoherent precipitation. Incoherent precipitation includes the
Laves phase (induced by Nb) and topologically close-packed phase (induced by Mo, such as ¢ and p
phases)*>*l. These precipitates significantly improve the strength of HEAs but deteriorate their ductility.
The sacrificing of ductility can be attributed to the incoherent interface between the HEA matrix and
precipitation, which acts as a source for crack initiation and propagation during deformation. In contrast,
the coherent precipitation, i.e., the L1,-type phase (y'), potentially produces a prominent strengthening effect
on the matrix without much loss of ductility at cryogenic, room or elevated temperatures. For example, the
addition of Ti and Al to FeCoNi can induce a high-content L1, phase within the FCC matrix, leading to
increases in yield strength from ~200 to 1000 MPa, while maintaining a good ductility over 30%°.
Furthermore, due to the high-entropy effect, some HEAs decorated by the L1, phase exhibit excellent phase
stability at elevated temperatures compared with conventional superalloys™*.

Additive manufacturing

3D printing, formally known as additive manufacturing (AM), has rapidly changed the scenario of future
manufacturing by offering significant flexibility for designing and fabricating components with customized
structures in a layer-by-layer manner'™. AM also provides a flexible method for the in situ design of
desirable microstructures and properties by controlling the metallurgical behavior within the molten
pool® ) Therefore, this technology shows excellent superiority in fabricating structural and functional
materials to conventional processing methods, such as casting, forging and welding.

To date, many kinds of AM technologies, such as fused deposition modeling (FDM), binder jetting (BJ),
stereolithography (SLA), digital light projection (DLP), powder bed fusion (PBF) and directed energy
deposition (DED), have been developed to fabricate various materials, including polymers, ceramics and
metals®™. Metallic parts are usually manufactured by the FDM, BJ, PBF and DED AM methods. The FDM
and BJ processes use binder materials to glue the metallic powders into products, which subsequently go
through multistep heat treatments to remove the binder materials and realize the densification of the parts.
Impurities and defects are inevitable for the samples printed by FDM and BJ methods, leading to
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Figure 2. Microstructures with concentration modulation and mechanical properties of as-printed Ti-6Al-4V+(4.5 wt.%) 316L alloy™?.

unfavorable properties. Compared with the FDM and BJ processes, metallic powders go through sufficient
melting and solidification during the PBF and DED processes, leading to near-fully dense parts with
excellent properties. PBF processes enable the fabrication of components with high precision by selectively
melting a pre-laid powder on an even substrate using a focused high-energy laser beam or electron beam.
Unlike PBF processes, DED processes enable the creation of parts on even and uneven substrates by melting
the powder or wire using a laser beam, electron beam or electric arc. Therefore, PBF processes are usually
used to fabricate the parts with complex structures, while DED processes are usually used to repair
engineering and aerospace components. Moreover, DED processes also have significant feasibility in

making functionally graded metallic materials™®".

Both PBF and DED processes undergo ultrafast heating and solidification due to the instantaneous
interaction between the high-energy beam and metal powder, which can be considered as nonequilibrium
processing”™”. Therefore, the ultrafine microstructure of the as-printed samples can be obtained, leading to
excellent properties”™. More importantly, these AM processes provide a unique method to in situ design
high-performance alloys by changing the compositions and microstructures within the molten pool. For
example, Zhang et al. in situ designed an advanced Ti alloy by doping a small amount of 316L stainless steel
to Ti-6Al-4V using laser powder bed fusion (L-PBF), also known as selective laser melting (SLM)*?. The
micro-concentration modulation was obtained through the partial homogenization of the two alloy melts
within the molten pool during L-PBF. As illustrated in Figure 2, the as-printed sample showed a fine
scale-modulated B + o’ dual-phase microstructure, exhibiting a progressive transformation-induced
plasticity effect. Therefore, a high tensile strength of ~1.3 GPa with a uniform elongation of ~9% and an
excellent work-hardening capacity of > 300 MPa was successfully achieved in the as-printed samples.
Considering these unique features, PBF and DED processes show significant advantages in making
advanced metallic materials with designed microstructures and associated superior properties.

Key issues for HEA design and AM

In recent years, HEAs and AM, as two hot topics, have been extensively studied*””. However, there are still
some key issues that need to be resolved. As mentioned above, the development of single-phase HEAs may
have reached a bottleneck in terms of property optimization. Precipitation-strengthened HEAs were
therefore designed to break the strength-ductility trade-off of single-phase HEAs. Designing
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Figure 3. Comparison of tensile yield strength and uniform elongation of various HEAs fabricated by AM: FCC HEAsP2*7¢): autectic

HEAs®® ¥ HEAs strengthened by ceramics”*®*; HEAs strengthened by L12[84'89]. FCC: face-centered-cubic; HEAs: high-entropy alloys.

precipitation-strengthened HEAs with desirable properties is a significant challenge due to the chemical
complexity. Another key issue is the difficulty in obtaining suitable AM processing parameters for these
precipitation-strengthened HEAs. Machine learning provides an effective method to quickly screen out
alloys with desirable properties and suitable AM processing parameters without tedious experiments"™®.
Thus, this review focuses on some new trends regarding AM precipitation-strengthened HEAs and the
applications of machine learning in designing new-type alloys and also obtaining suitable AM processing
parameters.

AM OF HEAS

AM processes, including PBF and DED, have shown many significant advantages in fabricating HEA
components compared to traditional processing methods, such as casting, wrought and welding. Until now,
many kinds of HEAs have been manufactured by AM methods, including single-phase HEAs (FCC or
BCC)***), EHEAs (FCC + BCC)"*”* and precipitation-strengthened HEAs""*). Figure 3 summarizes the
tensile yield strength against the uniform elongation of as-printed HEAs at room temperature. Due to their
poor workability and the high cost of raw materials, only a few studies have been conducted on the AM of
BCC HEAs!"*\. There is still no report on the tensile properties of BCC HEAs fabricated by AM methods.
As-printed FCC HEAs show large ductility but low strength”****!. In addition, for EHEAs manufactured by
L-PBF, their tensile properties vary over a wide range, which may be caused by the relative proportions
between the FCC and BCC phases and different microstructural features™”. Another approach to
strengthening the soft FCC matrix is to introduce second hardening phases, such as incoherent ceramic
particles (carbides” ™, nitrides™*’, oxides™’, and so on), and coherent L1,**. Among these second
hardening phases, it was found that the coherent L1, phase can significantly improve the tensile strength of
the as-printed FCC HEAs without seriously sacrificing ductility.

AM of single-phase HEAs
FCC HEAs can be well manufactured by AM methods due to their excellent workability. The defects,
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Figure 4. Hierarchical microstructure and tensile properties of FeCoCrNiMn HEA fabricated by L-PBF: (A) inverse pole figure mapping of
as-printed sample along the building direction; (B) bright-field scanning transmission electron microscopy (BF-STEM) image of cellular
structure with corresponding SAED pattern; (C) engineering stress-strain curves of as-printed and as-cast samples (“V2000" and
“\/2500" represent the scanning speed of the laser with values of 2000 and 2500 mm/s, respectively)™”’.
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Figure 5. Microstructure and tensile properties of as-printed FeCoCrNi HEA: (A) TEM image of FeCoCrNi HEA fabricated by L-PBF
showing high-density dislocation networks; (B) strain-stress curves of L-PBF-HEAs at different temperatures'?.

microstructures and mechanical properties of as-printed FCC HEAs have been widely studied. Zhu et al.
illustrated that a high relative density of 99.2% can be obtained by adopting suitable L-PBF parameters™. In
addition, due to the ultrafast cooling rate and layer-by-layer manufacturing method of the L-PBF process,
the FeCoCrNiMn HEA showed hierarchical microstructure and excellent tensile properties. As illustrated in
Figure 4A, coarse columnar grains were formed along the building direction, while some fine cellular
structures can be observed within the columnar grains [Figure 4B]. Benefiting from the hierarchical
microstructure, the as-printed HEA showed superior tensile strength to the as-cast one [Figure 4C].

However, the strengths of the as-printed FCC HEAs are still insufficient and cannot satisfy some industrial
applications under extreme conditions, such as structural applications at elevated temperatures. Lin ef al.
evaluated the tensile properties of FeCoCrNi HEA fabricated by L-PBF at room and elevated
temperatures'. As shown in Figure 5, the as-printed FeCoCrNi HEA showed high-density dislocation
networks, leading to relatively high tensile properties at room temperature. Some dislocations obtained
sufficient activation energy at elevated temperatures to overcome the energy barrier binding them to the
networks. Therefore, the dislocation networks failed to provide sufficient resistance to dislocation
movement, thereby leading to a significant decrease in strength.
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BCC HEAs, mostly referred to as refractory HEAs, contain refractory elements, such as V, Nb, Mo, Ta, W,
Ti, Hf, and so on. Due to their sluggish diffusion rates and severe lattice distortion, refractory HEAs exhibit
excellent high-temperature mechanical properties”’. Therefore, compared with single-phase FCC HEAs,
these BCC-type refractory HEAs are considered as “the next generation of high-temperature
materials,”showing a wide range of application prospects. Unfortunately, the poor workability and high cost
of the raw materials make them difficult to be used at large scales. For example, Zhang et al. found that a
NbMoTa refractory HEA fabricated by L-PBF suffers from serious grain boundary cracking due to excessive
internal stress during the cooling process'”. As shown in Figure 6, adding Ni and Ti to the NbMoTa
refractory HEA can help to suppress the crack formation and enhance its formability and high-temperature
performance [Figure 6D]”. The reason is mainly attributed to the formation of many extended dislocations
in the grain boundary phase, which transforms the crack defects into point defects and consequently
strengthens the grain boundaries. Nevertheless, limited work has been reported on the tensile properties of
the refractory HEAs manufactured by L-PBF.

AM of EHEAs

As discussed above, the comprehensive properties of as-printed single-phase HEAs cannot always meet the
actual requirements of the components, especially at elevated temperatures. For instance, as-printed single
FCC HEAs possess excellent ductility at both room and elevated temperatures but suffer from low strength.
Conversely, although refractory HEAs exhibit excellent strength at room and elevated temperatures, their
ductility is greatly sacrificed. As a result, to achieve a good balance between the strength and ductility of
HEAs, many researchers are now working on AM-EHEAs containing both FCC and BCC phases. The
processibility, microstructure and mechanical properties of EHEAs fabricated through AM methods have
been widely studied™*’**".. Guo et al. illustrated that as-printed AlCoCrFeNi,, HEAs exhibited a
completely eutectic structure consisting of ultrafine FCC and ordered B2 phases”™. The eutectic
microstructure changed from a lamellar structure to a cellular structure with a decreased laser energy input,
resulting in discrete tensile properties. Su et al. found that with increasing Al content in Al CrCuFeNi,
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Figure 7. (A) Heterogeneous microstructure of different layers in as-printed EHEA. (B,D) Cell-like microstructure with nanosized L1,
precipitates uniformly distributed in the FCC matrix. (C) True stress-strain curves of EHEA fabricated by cast and SLM®”.SLM:
selective laser melting.

EHEAs, the cracking mechanisms of the as-printed samples transferred from the intergranular hot cracking
induced by coarse columnar FCC grains to the transgranular cold cracking resulted from the fracture of
brittle BCC grains under severe residual stress”’. He et al. fabricated a nearly fully dense and crack-free
AlCoCrFeNi,, EHEA by L-PBF, which showed a much superior strength to the as-cast sample!”. The
improvement in strength can be attributed to the heterogeneous eutectic microstructure, consisting of a
columnar, equiaxed and cell-like microstructure with nanosized L1, precipitates uniformly distributed in
the FCC matrix, as illustrated in Figure 7. However, the L-PBF manufactured Ni, Co,,Cr,Fe, ,Al,,W, Mo,
(at. %) EHEA showed serious softening above 650 °C, as illustrated by Yang et al.*”. Heat treatment may be
needed to further improve the high-temperature mechanical properties of as-printed EHEAs by optimizing
the microstructure and phase constitution.

AM of precipitation-strengthened HEAs

The tensile strength of FCC HEAs can be improved by introducing a hard ordered B2 phase. However, too
much B2 phase is detrimental to the ductility and even causes severe cracking during L-PBF. Unlike the
eutectic microstructure, another effective method to improve the tensile properties of as-printed FCC HEAs
is to introduce strengthening particles during AM or the subsequent heat treatment. According to the
literature, the strengthening phases in FCC HEAs can be generally classified into the coherent L1, phase and
the incoherent ceramic particles, like carbides, nitrides and oxides.

Carbides can be introduced into single-phase FCC HEAs by alloying carbon to the FCC HEA powder or
adding carbon to the molten pool during L-PBF, with the latter method being more flexible due to the easy
control of carbon content”””. Kim et al. investigated the effects of carbon content on the microstructures,
tensile properties and deformation mechanisms of a CoCrFeMnNi HEA fabricated by L-PBF"”. As shown
in Figure 8, the carbide in situ formed during L-PBF was identified as Cr,,C, and mainly distributed along
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the grain boundaries. Similar phenomena were also observed in other as-printed C-containing HEAs">".
With increasing carbon content, the tensile strength and ductility were simultaneously improved. The
improvement in strength can be attributed to the Cr,,C, precipitation, high back stress and easy formation
of deformation twins. The high-density deformation twins and reduced pore defects are the main reasons
for the ductility improvement observed.

Nitrides or N-rich structures can also be used to strengthen the FCC HEA matrix by doping TiN particles to
the HEA powder through ball-milling or in situ formation of ordered nitrogen complexes under a nitrogen
atmosphere during L-PBF. For instance, Li et al. fabricated a CoCrFeNiMn HEA matrix composite with
nano-TiN particle reinforcements via L-PBF*"* Although the strength of the as-printed HEA composite
was significantly improved due to the refined microstructures and pinning effects of TiN, the ductility of the
alloy was greatly sacrificed. In addition, Zhao et al. found that the strength and ductility of the as-printed
CoCrFeNiMn HEA were simultaneously enhanced by using a reactive N, + Ar atmosphere during L-PBF*?,
as shown in Figure 9A. Figure 9B illustrates the schematic diagram of this L-PBF process. During
fabrication, N atoms were dissolved into the molten pool to form an ordered nitrogen complex (inset of
Figure 9B), which facilitated the dislocation multiplication, leading to a higher dislocation density with
smaller dislocation cells. Thus, the improvement in yield strength is mainly attributed to the dislocation
strengthening. In contrast, the introduction of nitrogen atoms resulted in a more heterogeneous
microstructure of the matrix, leading to a higher work hardening rate and stabilizing the plastic
deformation.

The oxide-dispersion-strengthening mechanism has been widely applied to traditional alloys fabricated by
AM, such as steel, superalloys and Ti alloys*"\. Similarly, this method can also be used to strengthen HEAs
by in situ forming oxides during L-PBF or blending oxides with pre-alloyed powders®****. Chen et al.
proposed a new method to develop an oxide-dispersion-strengthened (ODS) HEA using a L-PBF
Mn-doped FeCoCrNi HEA powder®. The oxide particles in the as-printed ODS HEA were proved to be
MnO and Mn,O.. As illustrated in Figure 10, MnO was formed by the in situ oxidation reaction between
Mn and oxygen during the L-PBF process, while Mn,O, came from the surface oxide of the Mn powder.
These oxide particles hindered the dislocation movement during the tensile test, leading to a significant
Orowan strengthening effect. At a high plastic strain, voids around the oxide particles were formed,
reducing the tensile ductility to a certain degree. Moreover, it is interesting to find that this in situ formation
of Mn-containing oxides can help to improve the high-cycle fatigue resistance and compressive creep
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Figure 10. Microstructure and tensile properties of ODS HEA by L-PBF and schematic diagram showing oxide formation mechanism™®*".

ODS: oxide-dispersion-strengthened; HEA: high-entropy alloys.

resistance of the FeCoCrNiMn HEA fabricated by L-PBF®*”"),

An incoherent interface is prone to cause stress concentration during deformation. Thus, the contents of the
incoherent precipitations are usually controlled to a low level, which in turn limits their strengthening
effects on the matrix. As discussed above, the L1, precipitation coherent with the FCC HEA matrix can
maintain a high content, significantly improving the tensile strength without sacrificing ductility. Mu et al.
broke the strength-ductility trade-off by introducing high-density dislocation networks and disordered L1,
precipitates to the FCC HEA matrix (Fe,,Co,,.Ni,, . Al,.Ti,, at. %) through the L-PBF and the subsequent
heat treatment®. Compared with the conventional L1,-strengthened HEA, the pre-existing high-density
dislocation networks of the as-printed sample provided a fast diffusion channel for the solute atoms.
Therefore, the L1, precipitation was preferentially formed near the high-density dislocation networks during
the aging process. Thus, an ultrahigh strength of ~1.8 GPa and a maximum elongation of ~16% were
achieved for the as-printed FeCoNiAlTi HEA after aging at 780 °C for 4 h [Figure 11A]. The large ductility
mainly came from the evolution of multiple stacking faults (SFs) [Figure 11B], while the ultrahigh strength
was mainly derived from dislocation-precipitation synergistic strengthening [Figure 11C and D]. This work
provided an efficient method to develop high-performance HEAs by simultaneously introducing
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Figure 11. (A) Engineering tensile stress-strain curves of as-printed FeCoNiAITi compared with as-cast FeCoNi based alloy. (B) HRTEM
image showing multiple SFs. BF-STEM images of as-printed FeCoNiAITi HEA after aging at 780 °C showing (C) high-density
dislocations network architectures and (D) sub-grain architectures consisting of L1,-type ordered multicomponent nanoprecipitate and
FCC disordered multicomponent matrix phase™®”. SF: stacking faults; OMCNP: L1,-type ordered multicomponent nano-precipitate;
DOMCM: FCC disordered multicomponent matrix; HDDs: high-density dislocations.

high-density dislocation networks and coherent particles to the matrix using the L-PBF technique and
subsequent heat treatment. Similar methods have also been applied to other HEAs to improve their

mechanical properties and corrosion properties, including Co, CrFeNi, ,Ti, ,Mo,,, FeCoNiAl Ti, and
FeCoNiALTi,* ),

Strengthening and toughening mechanisms in AM of HEAs

The mechanical properties of HEAs from AM are usually superior to those of as-cast samples, which can be
attributed to the simultaneous activation of various strengthening mechanisms, including dislocation
strengthening, grain refining strengthening, solid solution strengthening, precipitation hardening and
twinning/transformation-induced plasticity (TWIP/TRIP).

Dislocation strengthening is widely recognized as one of the main reasons for the enhanced yield strength of
single-phase HEAs from AM. Due to the ultrafast cooling rate of L-PBF, a high-density nanosized cell
structure is formed within the as-printed FeCoCrNiMn HEA". In addition, the cell walls are decorated
with high-density dislocations [Figure 4B]. The cell walls act as obstacles to the dislocation motion, leading
to a significant increase in dislocation density within the cell walls. Zhu et al.” calculated the contributions
of grain refinement and dislocation strengthening to the yield strength based on the following equation"

, =0, +k/d +aMGb\p (1)
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where is the yield strength, is the friction stress, refers to grain refinement strengthening (k is the
Hall-Petch slope and d is the grain size) and refers to the dislocation strengthening (a is a constant, M is the
Taylor factor of 3.06, G is the shear modulus, b is the Burgers vector of full dislocations and p stands for the
dislocation density). This revealed that the enhanced yield strength of the as-printed FCC HEA was mainly
derived from the dislocation strengthening compared with the grain refinement strengthening.

Solid solution strengthening arises from the interaction of solutes with dislocations. The different atomic
sizes lead to severe lattice distortion of HEAs, which impedes the dislocation movement and leads to
pronounced solid solution strengthening"*'. Ishimoto et al. developed a TiNbTaZrMo bio-HEA with super
yield strength by L-PBF"". The ultrafast cooling rate during L-PBF promoted the formation of fine grains,
suppressed the elemental segregation and realized an oversaturated solid solution. The combined effects of
grain refinement and solid solution strengthening were regarded as the main reasons for the excellent
strength of the TiNbTaZrMo bio-HEA fabricated by L-PBF. Zhang et al. systematically evaluated the factors
that affect solid solution strengthening by comparing the microstructures of CoCrFeNiX,, (X = Al, Nb or
Ta) fabricated by powder plasma arc AM in terms of mixed entropy, mixed enthalpy, atomic radii
difference, electronegativity, valence electron concentration and melting point"*. Compared with Al, Ta
and Nb with high melting temperatures had a more significant influence on the formation of the
topologically close-packed solid solution phase, which was the main reason for the enhanced strength.
Furthermore, elements with significant differences in electronegativity tended to be enriched in the second
solid solution phase. Therefore, it is crucial to control multiple variables when improving the mechanical
properties of HEAs by introducing a solid solution phase.

TRIP is an effective method to break the strength-ductility trade-off by providing materials with extensive
work hardening ability. The TRIP effect can be triggered by reducing the phase stability. Thus, metastable
HEAs were developed by tuning the stacking fault energy of the matrix phase through the selection of
particular alloy chemistry. In addition to the alloy composition optimization, Agrawal et al. also found that
the TRIP effect can be tailored through L-PBF methods"*. As shown in Figure 12, the as-printed metastable
Fe,Mn,,Co,,Cr,.Si, (at. %) HEA showed a much higher work hardening ability than the as-cast sample. Due
to the thermal cycling of L-PBF, heat accumulation in the previously solidified layer occurred, which
promoted the formation of a high-temperature y (FCC) phase in that layer under an ultrafast cooling rate.
Therefore, the as-printed metastable Fe,,Mn,,Co,,Cr,.Si, HEA showed a dual phase (y + £) microstructure,
while the as-cast sample showed an ¢ phase (HCP)-dominant microstructure [Figure 12B and C]. Upon
deformation, most of the metastable y phase was transformed into the ¢ phase [Figure 12D] under tensile
stress, which contributed significantly to the work hardening ability of the as-printed sample. In addition to
the TRIP effect, the TWIP effect also occurred in ¢ grains, thereby inducing the non-basal plasticity.

The strengthening mechanisms of the precipitation-strengthening HEAs fabricated by L-PBF vary with
precipitate types and sample states. Due to the ultrafast cooling rate of L-PBF, the coherent precipitate, such
as the L1, phase, is difficult to separate from the matrix. Thus, dislocation strengthening is the main reason
for the excellent strength and ductility of the as-printed HEAs containing the L1,-forming elements. The
high-density L1, phase can be introduced by subsequent aging treatment, leading to the significant
precipitation strengthening effects. During deformation, both L1, precipitation and high-density dislocation
networks can work as effective obstacles to the dislocation motion. Thus, the high strength of the as-printed
sample after aging treatment can be attributed to the synergistic strengthening mechanism of the
precipitates and dislocations. The plastic deformation mode is mainly dominated by SFs, which are
activated in most grains and exhibit a nano-spaced SF network, multiple SFs and Lomer-Cottrell locks.
These unique microstructures provide sufficient work hardening ability to the as-printed FCC HEA™. In
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Figure 12. (A) Engineering tensile stress-strain curves of as-cast and as-printed metastable Fe,,Mn,,Co,,CrsSig HEA. (B-D) Phase
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summary, due to the layer-by-layer manufacturing feature and ultrafast cooling rate of L-PBF, multiple
strengthening mechanisms occur in as-printed HEAs, which can synergistically improve their mechanical
properties.

MACHINE LEARNING FOR ALLOY DESIGN AND AM

The compositions of HEAs vary over a wide range, which provides an opportunity to design new alloys with
enhanced properties, such as hardness, tensile property and corrosion resistance. However, it is very
challenging to obtain an alloy with desired properties by a “trial and error” method due to the complexity of
chemical compositions and phases. Compared with the experimental method, machine learning (ML)
provides a new approach to accelerating the discovery of new materials by building the relationship between
targeted properties and various materials descriptors*'*®. Until now, many works have been conducted to
predict the possible phases in HEAs using ML algorithms, including logistic regression, random forest,
decision tree, K-nearest neighbor, support vector machine and artificial neural network (ANN)
approaches"” "), However, how to choose suitable ML algorithms and descriptors remains a major
challenge in ML due to the numerous combinations between ML models and material descriptors. Based on
the genetic algorithm, Zhang proposed a framework to select the best combination of ML model and
material descriptor and demonstrated its efficiency for two-phase formation problems in HEAs""'"”. Deep
learning is a type of ANN algorithm generally possessing more than three hidden layers. Thus, it is an
efficient data-driven modeling tool for nonlinear system dynamic modeling and identification because of its
flexible structures and general approximation capabilities that can capture complex nonlinear behaviors.
Thus, this method has been widely applied to predict possible phases in HEAs"*"'""*], For example,
Lee et al. proposed deep learning-based ANN methods for predicting the phase structures of HEAs, i.e.,
solid solution, intermetallic compound, and mixed and amorphous phases. Through the Bayesian
optimization for overall settings related to model architecture, training and regularization, a phase
prediction model with an unprecedented accuracy of 93.17% was established""”.
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Figure 13. Diagram of ML-based alloy design system for HEAs with desired hardness'"™.

In addition to phase prediction, ML is widely used to develop new alloys with the desired properties"*"*.
Wen et al. proposed a property-orientated materials design strategy to design HEAs with high hardness"**.
ML was used to build a map between hardness and descriptors, such as chemical compositions and
physicochemical properties of elements. The utility functions were employed to guide the search for
Al-Co-Cr-Cu-Fe-Ni HEAs with high hardness from nearly two million possible compositions. This method
developed several HEAs with hardness 10% higher than the best value in the original training dataset via
only seven experiments'*. Yang et al. further proposed a new approach called ML-based alloy design
system (MADS) for developing HEAs with the desired hardness""”. Figure 13 summarizes the overall
framework of MADS, including database establishment, model construction, composition optimization and
experimental validation. Through a four-step feature selection method, five key features affecting the
hardness of HEAs were screened out, including the average deviation of the column, the average deviation
of the specific volume, the average deviation of the atomic weight, the valance electron concentration (VEC)
and the mean melting point. Among these features, VEC is the most significant variable, which positively
impacts the hardness of HEAs when it is less than 7.5. Through this prediction system, one optimized
sample (Co,,Cr,Fe,Ni,V,,, at. %) exhibits superior hardness, which is 24.8% higher than the highest
hardness in the original dataset.

In contrast, complex metallurgical behavior occurs within the micro-molten pool during L-PBF, which is
greatly affected by the multiple processing parameters, such as laser power, scanning speed, hatch distance,
layer thickness and scanning strategy. It is challenging to obtain suitable processing parameters through
experimental methods due to the numerous combinations of these parameters. Defects, such as porosity,
incomplete fusion holes and cracks, are inevitable if the processing parameters are unsuitable!""”. It is likely
that there are mature AM parameter packets provided by commercial 3D printing companies for
conventional alloys, such as steel, Al alloys, Ti alloys and Ni-based superalloys. However, it is still quite
difficult to obtain optimal AM parameters for newly designed alloys, such as HEAs, from experimental
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methods. Zhou et al. developed a universal and simplified model to predict the energy density suitable for
L-PBF of various metallic materials, including Ti and Ti alloys, Al alloys, Ni-based superalloys and steel,
based on the relationship between energy absorption and consumption during L-PBF"**. The proposed
model was proven to be applicable to single-phase HEAs (e.g., FeCoCrNiMn)""®. Compared with the
calculation method, ML can describe the relationship between the descriptors and desired properties
without considering the complex physical metallurgy process of AM. More importantly, AM, as a tool for
high-throughput experimentation, can provide sufficient data for ML!""*. Thus, ML has been widely used in
AM for defect detection and visualization, predicting printability, optimizing processing parameters, and so
on"*"*? This method is especially important for exploring the optimal AM processing parameters of new
materials, which cannot be easily obtained through only experimental work. Figure 14 summarizes the
relationships among ML, alloy design and AM. Both ML and AM can accelerate the development of new
alloys. In addition, the optimal AM processing parameters for these newly developed alloys can be
potentially obtained using ML. The harmonious integration of ML, alloy design and AM is expected to
significantly speed up scientific advances and promote the industrial applications of these alloys.

SUMMARY AND OUTLOOK

The concept of HEAs based on multicomponent elements offers an opportunity to design attractive new
alloys with desirable properties. Furthermore, AM, as a unique processing method, can maximize the
capability of HEAs. In this review, we have carefully summarized the new trend in AM of multiphase HEAs
and some of the applications of ML used in this aspect. The introduction of second phases to HEAs
significantly improves their tensile properties. Among them, the L1, phase, which is generally coherent with
the surrounding FCC matrix, is thought to be the most effective reinforcement to improve the strength
without sacrificing ductility. Different strengthening and toughening mechanisms are also reviewed for the
as-printed multiphase HEAs, including dislocation strengthening, grain refining strengthening, solid
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solution strengthening, precipitation hardening and TWIP/TRIP. The main obstacles to designing
multiphase HEAs and obtaining optimal AM parameters lie in tedious experiments. ML would be an
effective way to solve this critical problem by simplifying the relationship between the descriptor and
targeted properties without considering the complex physical metallurgy process. However, there still exist
some critical issues that need to be solved in the future:

Although as-printed multiphase HEAs show excellent properties at room temperature, their mechanical
properties at elevated temperatures are rarely reported. Like Ni-based superalloys, HEAs undergo an
embrittling behavior at intermediate temperatures of ~650-900 °C, which is known as
intermediate-temperature embrittlement"*"*". This kind of behavior may also exist in as-printed HEAs and
how to solve this key problem should be one of the focuses of future research.

Microstructure and phase stability at elevated temperatures essentially determine the working temperature
range and engineering reliability of as-printed HEAs. High-density dislocation networks are thought as one
of the main reasons for the enhanced properties of the as-printed sample at room temperature. How these
microstructures evolve at elevated temperatures is a matter of concern. More importantly, these dislocation
structures may significantly influence the resistance against high-temperature creep and oxidation, which
also deserves detailed studies*”***..

ML is expected to provide an effective method to screen alloys with desired properties and obtain optimal
AM parameters without tedious experiments. However, there are many possible ML algorithms and
material descriptors, resulting in numerous possibilities for predictive results"*?. Thus, a reasonable method
is needed to rapidly select the best combination of the descriptors and ML algorithms. In contrast, many
ML algorithms, especially those involving deep learning, lack interpretability and are often considered as
black boxes"””. Sometimes, understanding the reasons behind the decision is more important than the
decision that has been made. Therefore, efforts should be made regarding the interpretability of ML models
to improve their efficiency and accuracy.
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